Cytochrome cbb 3 belongs to the superfamily of respiratory hemecopper oxidases that couple the reduction of molecular oxygen to proton translocation across the bacterial or mitochondrial membrane. The cbb 3 -type enzymes are found only in bacteria, and are both structurally and functionally the most distant from their mitochondrial counterparts. The mechanistic H + /e − stoichiometry of proton translocation in these cbb 3 -type cytochrome c oxidases has remained controversial. A stoichiometric efficiency of only one-half that of the mitochondrial aa 3 -type enzyme was recently proposed to be related to adaptation of the organism to microaerobic environments. Here, proton translocation by the Rhodobacter sphaeroides enzyme was studied using purified cytochrome cbb 3 reconstituted into liposomes. An H + /e − stoichiometry of proton translocation close to unity was observed using the oxygen pulse method, but solely in conditions in which the vast majority of the enzyme was fully reduced in the anaerobic state before the O 2 pulse. These data were compared with results using whole cells or spheroplasts, and the discrepancies in the literature data were discussed. Our results suggest that a proton-pumping efficiency of 1 H + /e − may be achieved using the single-proton uptake pathway identified in the structure of cytochrome cbb 3 . The mechanism of proton pumping thus differs from that of the aa 3 -type oxidases of mitochondria and bacteria.
cell respiration | proton pumping T he heme-copper oxidases form a family of transmembrane proteins capable of using the energy released in the catalytic reaction of four-electron reduction of oxygen to water to translocate protons across a membrane bilayer. The cbb 3 -type cytochrome c oxidases found in some aerobic bacteria are the most distantly related to the mitochondrial respiratory enzyme. Only the subunits that contain the O 2 -binding site are homologous. Here, the six histidines that form ligands to the two hemes and the active site copper ion are conserved. The active site of cytochrome cbb 3 consists of the copper (Cu B ), together with a highspin heme b 3 , and a low-spin heme b lies near heme b 3 . The structures of the other three subunits deviate considerably from those associated with other heme-copper oxidases (1) . Although only a few residues have been found to be conserved between cytochromes cbb 3 and the other heme-copper oxidases, there are significant structural similarities. According to the recent crystal structure (2) , there is a single-proton uptake channel present in these enzymes. This channel is in an analogous position to the so-called "K-channel" of the classic oxidases and bears structural resemblance to it, even in the absence of well-conserved residues in the area. In the vicinity of the active site, a posttranslationally modified cross-linked histidine-tyrosine couple was shown to be present, even though the tyrosine originates from a different helix than in the other heme-copper oxidases (3, 4) . On the other hand, a glutamate residue hydrogen-bonded to the proximal histidine ligand of the high-spin heme is a feature unique to the cbb 3 -type oxidases (5) . In addition, the thermodynamic properties of the heme in the active bimetallic site (heme b 3 ) deviate considerably from those of other cytochrome oxidases by its very low redox midpoint potential [midpoint oxidoreduction potential vs. NHE at pH 7 (E m,7 ); E m,7 = −60 mV] (5).
Cytochrome cbb 3 is often expressed under low oxygen tension and has an unusually high apparent affinity for oxygen (6) . The proton translocation stoichiometry of the cbb 3 -type oxidase was originally reported to be close to 1 H + /e − in Paracoccus denitrificans spheroplasts, when assayed during oxidation of succinate (7) . Although this finding was challenged at first (8), the observation of proton pumping by cytochrome cbb 3 in a strain where both the aa 3 -type cytochrome c oxidase and the quinol oxidase had been removed by mutagenesis (9) was subsequently confirmed. In contrast, with N,N,N′,N′-tetramethyl-p-phenylenediamine (TMPD) plus ascorbate as the electron donor system, the apparent stoichiometry was reported to be lower (7, 9) . Later, Toledo-Cuevas et al. (10) 3 was the only heme-copper oxidase present. TMPD was used as the sole electron donor, and proton pumping was reported at an H + /e − stoichiometry of only 0.5 in all cases. On this basis, the authors proposed that the adaptation of aerobic respiration to microaerobic environments has resulted in a lowered energy-conserving efficiency with physiologically and ecologically important consequences. There is hence considerable discrepancy in the data reported in the literature, which requires clarification. Purified cytochrome cbb 3 reconstituted into phospholipid vesicles should be the system of choice required to resolve this question. Earlier, isolated and reconstituted cytochrome cbb 3 from Bradyrhizobium japonicum was reported to have a very low proton-pumping stoichiometry of 0.2-0.4 H + /e − (13), and a similar observation was made in the case of enzyme isolated from H. pylori (11) .
Here, we report a thorough study of the proton-pumping stoichiometry of cytochrome cbb 3 from R. sphaeroides. To verify previously published results further, the stoichiometry was redetermined in P. denitrificans cells using succinate as the substrate. Proteoliposomes inlaid with purified cytochrome cbb 3 were studied using the oxygen pulse method (14) . An experimental setup using an electrochemical approach to reach low redox potentials was built for the purpose, and in the appropriate conditions, the H + /e − stoichiometry was found to be close to unity. These results are compared with the literature data, which are discussed in the light of the newly acquired evidence.
Results
The proton translocation stoichiometry of R. sphaeroides cytochrome cbb 3 was first probed in P. denitrificans AO1 cells, from which copies of both the subunit I gene of cytochrome aa 3 and the gene encoding the major subunit of cytochrome cbb 3 had been deleted (15) . A plasmid encoding for the whole R. sphaeroides ccoNOQP operon of cytochrome cbb 3 was introduced in the cells, which expressed no other cytochrome c oxidases, as verified by the sequence of the whole genome of the P. denitrificans 1222 parent strain (SI Materials and Methods), but still retained a proton-pumping quinol oxidase (16) . To perform proton-translocation experiments, a KCl-containing solution was placed in the measuring cell and carefully purged with a constant stream of wetted argon to remove excess oxygen, after which the cells were added. Complex I was inhibited by rotenone, and succinate was added to feed electrons into the respiratory chain (Fig. 1A) . The experiments were started when there were no further changes in pH, indicating that the system was anaerobic. The stoichiometry of proton pumping was assayed based on the extent of change in pH on addition of a small volume of airsaturated water [0.258 mM O 2 at 25°C (17)] compared with that on addition of a pulse of anaerobic HCl (1 mM) of the same volume (Fig. 1B) . A stoichiometry very close to 3 H + /e − was obtained (Table 1) in agreement with the data reported previously (7, 9, 10) . On blocking the cytochrome bc 1 complex with myxothiazol ( Fig. 1A) − stoichiometry of the quinol oxidase (16) and as found earlier (7, 10) . The P. denitrificans AO1 cells with no added plasmid showed a stoichiometry of 2 H + /e − , independent of the addition of myxothiazol. Similarly, a strain expressing mutated forms of cytochrome cbb 3 with no oxygen reduction activity (e.g., the E383Q or Y311F variant of the R. sphaeroides cytochrome cbb 3 ) also showed an H + /e − ratio of 2. All these results imply that the function of cytochrome cbb 3 is indeed responsible for the higher H + /e − ratio of 3 with succinate as a substrate. The proton-pumping capacity of isolated cytochrome cbb 3 , produced and purified as described earlier (3, 5) , was assessed after reconstitution into liposomes, as described in Materials and Methods. The quality of the proteoliposomes was tested by measuring the respiratory control ratio (RCR), defined as the ratio between the rates of oxygen consumption in the presence and absence of the uncoupling agent, carbonyl cyanide mchlorophenylhydrazone (CCCP), and the value ranged between 5 and 15. The orientation of the enzyme molecules within the proteoliposomes was determined using optical spectroscopy. Spectra were collected of reconstituted, cyanide-inhibited cytochrome cbb 3 reduced with ascorbate in the presence of hexaammineruthenium (neither of which penetrates the lipid vesicle membrane) and, subsequently, after the addition of the penetrating redox mediator phenazine methosulfate. Based on a difference spectrum, ∼95% of the enzyme molecules were found to be orientated with the cytochromes c outside of the vesicles, making the proteoliposomes optimal for proton translocation experiments.
Proton pumping by the reconstituted cbb 3 -type oxidase was first probed using the same reaction vessel as utilized with the cells. A combination of ascorbate and horse-heart cytochrome c was used to prereduce the enzyme anaerobically before the pulse of oxygen. A set of representative responses is presented in Fig.  2 . On a pulse of O 2 , a fast alkalinization phase is observed, followed by a slower phase of acidification. Both the amplitude of the initial alkalinization and that of the subsequent acidification phase were proportional to the amount of oxygen added. In the upper trace of Fig. 2 , the fast alkalinization amounts to ∼0.15 H + /e − , but this number varied across samples, remaining consistent within a single sample. The acidification phase, the amplitude of which never exceeded 0.7 H + /e − , must be mainly attributed to proton release caused by oxidation of ascorbate to dehydroascorbate by ferricytochrome c (which equals 0.5 H + / e − ), hence suggesting only a very low stoichiometry of proton pumping (≤0.2 H + /e − ). The immediate response to the oxygen pulse was finally followed by a slow phase of alkalinization attributable to proton equilibration across the membrane.
The lower trace in Fig. 2 represents a control experiment in the presence of CCCP, which makes the membranes highly permeable to protons. The amplitude of the immediate alkalinization is now very close to −1 H + /e − , which is the expected stoichiometry when a pure electron donor (cytochrome c) reduces dioxygen. The alkalinization is immediately followed by a phase of acidification, the amplitude of which (∼0.5 H + /e − ) is consistent with slower rereduction of ferricytochrome c by ascorbate and the release of 0.5 protons per electron on oxidation of ascorbate to dehydroascorbate. The kinetics of the acidification phase are similar to those observed in the coupled liposomes.
Inclusion of TMPD (0.5-100 μM) to speed up rereduction of cytochrome c by ascorbate only had the effect of increasing the velocity of the acidification phase without increasing its amplitude. At the highest TMPD concentrations used, the initial alkalinization became invisible because of the high velocity of the subsequent acidification. In the presence of CCCP and at a high TMPD concentration, the fast alkalinization immediately reached the −0.5 H + /e − level without the excursion via −1 H + /e − , as in Fig. 2 .
These experiments with the reconstituted enzyme demonstrate a profound discrepancy relative to the observations in cells, and also relative to experiments with proteoliposomes inlaid with cytochrome aa 3 . The oxygen pulse data with cytochrome cbb 3 -proteoliposomes showed very little or no significant proton pumping. However, the vesicles exhibited good respiratory control, and the orientation of cytochrome cbb 3 was optimal for accepting electrons from the added cytochrome c.
It then occurred to us that the cause for the lack of observable proton pumping in the reconstituted cytochrome cbb 3 system might be related to the extraordinary thermodynamic properties of this enzyme relative to the more conventional heme-copper oxidases. In particular, the E m,7 of the oxygen-reactive heme b 3 is as low as ∼−60 mV (5), which implies that only a very small fraction of this heme is in the reduced state anaerobically before the pulse of O 2 when ascorbate is the electron donor [E m,7 ∼+60 mV (18) ]. To test whether the redox state of heme b 3 makes a difference, we designed an experimental setup in which electrochemistry is used to reach low redox potentials of the measuring medium (Materials and Methods). TMPD [E m,7 = +240 mV (19) ] was chosen as a mediator delivering electrons to the enzyme. All experiments were conducted at pH 7.0-7.4 to avoid artifactual proton release attributable to the properties of TMPD (19) , and benzyl viologen [BV; E m,7 = −350 mV (19) ] was used as a secondary mediator to provide support for the lower solution potentials used and better equilibration with the electrode. The measuring cell with 100 mM KCl solution was made anaerobic by several rounds of degassing on a vacuum line, and the procedure was repeated after the addition of the proteoliposomes. Valinomycin (1 μM), together with 100 μM of both mediators, was added, and a low potential (−400 mV) was set by a potentiostat to initiate electrochemical reduction. After a steady level of residual cell current had been established, the potentiostat was disconnected. The redox potential of the solution remained at a level of approximately −200 mV, indicating that a redox equilibrium had been reached, and the pH was stable. Under such conditions, the concentration of the reduced form of BV is minimal, by which means artifacts are avoided because of its direct reaction with O 2 . Such an artifact would be observed as a net alkalinization because BV is a pure electron donor (19) . Fig. 3 (Left) shows the typical response to a pulse of oxygen, together with a calibration pulse of 1 mM anaerobic HCl. The volume of the injections of air-saturated water varied from 0.5 to 5 μL (resulting in final oxygen concentrations of ∼0.1-1 μM), in which range the results remained similar and independent of the amount of oxygen added. In diametric contrast to the previous observations (Fig. 2) , oxygen injection now resulted in a fast phase of acidification, followed by a very slow decay (i.e., a response typical of proton pumping and familiar from experiments with the reconstituted aa 3 -type enzyme). The amplitude of the acidification had an average value of ∼0.7 H + /e − when measured from the original baseline and ∼0.9 H + /e − when measured from the bottom of an initial small alkalinization artifact (statistics are provided in Table 1 ). The alkalinization artifact was observed on addition of oxygen to the system also in the absence of proteoliposomes and mediators. The results were independent of the proteoliposome and the enzyme preparation used, and they were very consistent within a single experiment. Addition of horseheart cytochrome c, or an increase in the concentration of the mediators, did not affect the result. To verify the quality of the experimental reaction conditions, proteoliposomes containing P. denitrificans cytochrome aa 3 were also tested, and the results were comparable to those using cytochrome cbb 3 (Fig. 3 , Left, and Table 1) .
As an essential control, the cytochrome cbb 3 proteoliposomes were uncoupled by CCCP. A representative trace is presented in Fig. 3 (Right) . Instead of proton ejection, the pulse of oxygen now resulted in consumption of quite precisely 1 H + /e − (Table  1) , as expected from the overall chemistry of oxygen reduction to water by a pure electron donor (i.e., 1/4 O 2 + 1 e − + 1 H + → 1/2 H 2 O). It is therefore safe to conclude that the proton ejection Fig. 2 . Proton translocation experiments with reconstituted cytochrome cbb 3 using the conventional reaction cell. Proteoliposomes (200 μL) in 1 mL of 100 mM KCl (final concentration of cytochrome cbb 3 is ∼0.5 μM) were probed in the presence of 1 μM valinomycin, 2.5 mM potassium ascorbate, and 20 μM horse-heart cytochrome c. When anaerobiosis was reached, a 5-μL pulse of air-saturated water (O 2 , upper trace) was given, followed by an equal volume of 1 mM anaerobic HCl. The proteoliposomes were uncoupled using 1 μM CCCP, and the responses, followed by the addition of 10 μL of air-saturated H 2 O and 10 μL of anaerobic 1 mM HCl, are shown in the lower trace. Cells were assayed with succinate as a substrate. Eight different individual preparations of proteoliposomes inlaid with cytochrome cbb 3 and one preparation with cytochrome aa 3 from P. denitrificans were measured with the electrochemically assisted setup. Uncoupled, in the presence of CCCP. Results are presented as the mean ± SD of n responses. *Proton ejection amplitude measured from the baseline before addition of O 2 . † Proton ejection amplitude measured from the level after an initial alkalinization artifact (Fig. 3) .
observed in the absence of uncoupling agent is entirely attributable to proton pumping by cytochrome cbb 3 .
Discussion
With P. denitrificans AO1 cells expressing recombinant cytochrome cbb 3 , we found proton translocation stoichiometries of 3 H + /e − and 2 H + /e − in the absence and presence of myxothiazol, respectively. In the first case, electrons fed into the respiratory chain via succinate dehydrogenase pass through the cytochrome bc 1 complex and are finally consumed on reduction of molecular oxygen by cytochrome c oxidase (Fig. 1A) . The electron flux to oxygen can also occur directly from ubiquinol via the quinol oxidase. However, as discussed previously (7, 10, 16) , the affinity for ubiquinol is apparently much lower for quinol oxidase than for the cytochrome bc 1 complex; thus, cytochrome c oxidase is the sole consumer of the added O 2 . The alternative pathway via quinol oxidase can be tested separately by specifically inhibiting the bc 1 complex by myxothiazol. Under such conditions, the observed H + /e − ratio fell to 2, which is precisely the value expected for proton pumping by quinol oxidase (16) . Similar results were obtained using the AO1 cells without cytochrome cbb 3 -bearing plasmid, as well as with inactive variants of the enzyme. We conclude that the proton-pumping stoichiometry of cytochrome cbb 3 is 1 H + /e − when probed in a whole-cell preparation respiring on succinate (Table 1) , confirming earlier results (7, 9, 10) .
In contrast to these by now fairly robust observations, a protonpumping stoichiometry of 0.5 H + /e − was recently claimed for cytochrome cbb 3 in several cell types, including R. sphaeroides, expressing cytochrome cbb 3 as the only terminal oxidase (12) . Considerable importance was given to this observation, which was considered to demonstrate adaptation of respiration to low-oxygen environments by a reduction in the energy-conserving efficiency. O 2 pulse experiments were performed using a high concentration (1 mM) of TMPD as the reductant in the absence of ascorbate. According to the presented data (12), the pH of the cell suspension was well below 6.5, which is the pK a of the reduced, protonated form of TMPD (19) . At a pH equal to or lower than the pK a , oxidation is therefore bound to result in release of ≥0.5 H + /e − from the dye itself on the outside of the cells, which makes it questionable whether proton pumping was observed at all in these experiments. A control experiment with Thermus thermophilus cells expressing the proton-pumping A-type cytochrome caa 3 gave a mean H + /e − ratio of 1.14 (12) ; however, at the pH of this experiment ( figure 1 in ref. 12) , the proportion of TMPDH + would be ∼81%, such that the H + /e − ratio of proton pumping would be ∼0.33 after correction for proton release from the redox dye. The low observed level of proton pumping in these experiments, or its absence altogether, may be caused by the protonophoric properties reported for TMPD (20) . Uncoupling by TMPD may be enhanced in the pH range favoring the cationic form of TMPDH + , the penetration of which across the membrane may be aided by the lipophilic anion SCN − that is often used in cell experiments instead of valinomycin to collapse the electric membrane potential (e.g., 7, 10, 12) .
Despite the fact that our proteoliposomes were tightly coupled and had the desired enzyme orientation, the oxygen pulse experiments using the conventional experimental setup showed negligible proton-pumping activity in complete contrast to the results with cells. However, when special measures were taken to ensure that low redox potentials were reached before the oxygen pulses, the response was very different: Clear proton pumping was now observed at a stoichiometric efficiency indistinguishable from that observed with reconstituted cytochrome aa 3 , or from that observed with cytochrome cbb 3 in cells. This drastic difference is very interesting and requires an explanation.
O 2 added to the anaerobic sample first reacts with the fraction of cytochrome cbb 3 molecules in which heme b 3 is reduced. This fraction is distinctly different in the two conditions. Because of the very low E m,7 of heme b 3 [−60 mV (5)] relative to the potential of ascorbate [E m,7 ∼+60 mV (18)], only a very small fraction is reduced in the conventional setup before the O 2 pulse, whereas nearly all is reduced at the potential of −200 mV in the electrochemically assisted conditions. It may also be noted that the former situation is unique for cytochrome cbb 3 ; for example, the much higher E m,7 of heme a 3 in the aa 3 -type enzymes ensures its prior full reduction in typical O 2 pulse experiments.
Irrespective of the fraction of heme b 3 reduced initially, the added O 2 will oxidize the enzyme, after which rereduction will occur by means of the reductant system. In the conventional reaction cell, such O 2 pulses hardly yielded any significant proton pumping. Nevertheless, the oxygen reduction chemistry was unaffected, as proven by the H + /e − ratio of −1.0 in the presence of CCCP, showing that all the added O 2 was consumed within the time of mixing (Fig. 2) . Therefore, the fast initial alkalinization observed in the case of coupled liposomes must be interpreted as part of the proton uptake required to complete the chemical reaction, but where some of the protons are taken up from the outside medium (Fig. 2) . This type of response is quite reminiscent of situations described in the past, where the buffering capacity of the internal space of the vesicles, or of mitochondria, is exhausted by excessive proton consumption from that space (21, 22) . The concentration of added O 2 in the experiments with proteoliposomes was roughly equivalent to the total concentration of liposomal cytochrome cbb 3 ; therefore, on that basis, one would not expect the internal buffering capacity to be exceeded by proton uptake for pumping and for consumption. More importantly, no such effect was observed under otherwise similar conditions but at low redox potential (Fig. 3, Left) . However, if only a small fraction of the proteoliposomes were to react with the added O 2 , the internal buffering capacity could easily be exceeded; in such a case, the response would be expected to be like that shown in Fig. 2 (upper trace) .
As already concluded, only the vesicles in which the binuclear site is reduced will initially react with added O 2 . Note, incidentally, that the fraction of cytochrome cbb 3 with reduced heme b 3 also has all the other redox centers reduced, because their E m,7 values are much higher than that of heme b 3 (5). At high redox potentials, after the small fraction of vesicles with fully reduced cytochrome cbb 3 has initially reacted with O 2 , one would a priori expect the rest of the added O 2 to be consumed evenly by all the reconstituted cytochrome cbb 3 molecules in the sample, at a rate determined by the rate of rereduction of heme b 3 . If that were the case, the internal pH-buffering capacity should not be exceeded. However, this expectation rests on the assumption that the probability of rereducing the binuclear heme b 3 /Cu B site is the same in the entire vesicle population. However, if the probability of rereduction is significantly higher in the small fraction of vesicles that primarily reacted with O 2 than it is in the majority of the population, this small fraction will consume virtually all the added O 2 . In such a case, this small fraction of vesicular cytochrome cbb 3 will turn over multiple times and the internal buffering capacity can easily be exceeded.
It is well known that the oxidized "as isolated" form of cytochrome aa 3 behaves quite differently from enzyme that has been reduced and then reoxidized ("pulsed") by O 2 (23, 24) . One of the typical differences is indeed a much faster reduction of the binuclear center in the pulsed case. To our knowledge, there is only one report that indicates a structural difference between pulsed and resting states of cytochrome cbb 3 (25) , but no tests of a kinetic distinction have been reported. However, the drastically different behavior of the cytochrome cbb 3 vesicles at high-and low-redox potentials is consistent with this scenario. Thus, we postulate that (i) the cytochrome cbb 3 with heme b 3 oxidized is in a form in which its rate of reduction is relatively slow, (ii) the rate of heme b 3 reduction is much faster in the pulsed state immediately after oxidation by O 2 , and (iii) the oxidation of reduced enzyme by O 2 is the fastest of these three reactions. These postulates are sufficient to explain the difference in results between Figs. 2 and 3. We do not need to postulate that reduction of the resting form of the binuclear site would not be coupled to proton pumping, even though this is possible (24) . It is sufficient that the rate of reduction of this form is much slower than when pulsed, such that the extent of heme b 3 reduction before the O 2 pulse will effectively sample the vesicle population that will consume the added oxygen.
One may well inquire whether the E m,7 of heme b 3 in the pulsed form may be much higher than −60 mV, which could explain the faster rate of reduction as a result of the higher driving force. Although we have no data so far to assess this question, we note that modulation of the unique interaction between the proximal histidine ligand of heme b 3 and a conserved glutamate residue could control the E m,7 (5) .
The question arises as to why this phenomenon is not observed in the cell experiments (Fig. 1B) . One reason is presumably that even though here, too, only a small fraction of heme b 3 might have been reduced before the O 2 pulse, and even if only this enzyme fraction were to consume all the added O 2 , there is a very large number of cytochrome cbb 3 molecules per cell (∼1 μm in length compared with an average proteoliposome diameter of ∼40 nm) and the internal buffering capacity is far less likely to be exhausted than it is in proteoliposomes with only a single enzyme molecule per vesicle on the average. It is also possible that the resting form of cytochrome cbb 3 does not even form in cells, and that all the enzyme might be maintained in the pulsed state as the result of some constant residual enzyme turnover. Finally, the redox potential in the cell experiments is expected to be lower [E m,7 = ∼30 mV for fumarate/succinate (18) ] than when using ascorbate.
In two earlier studies (11, 13) , proteoliposomes with cytochrome cbb 3 were reported to have a very low proton-pumping stoichiometry in experiments in which the reaction was started aerobically by addition of ferrocytochrome c. Under such conditions, all cytochrome cbb 3 vesicles will be equally active on the average. The pH traces in both of these studies reveal that the added ferrocytochrome c is consumed in about 1 min, whereas net proton ejection is observed only over approximately the first 10 s. In such experiments, the H + /e − ratio must be estimated from the maximum extent of proton ejection, divided by the amount of ferrocytochrome c oxidized at that point in time, rather than by the total amount of added reduced cytochrome c. We therefore conclude that the results in the studies by Tsukita et al. (11) and Arslan et al. (13) are not incompatible with an H + /e − ratio of unity, as found in the present work.
Conclusions
The bacterial cbb 3 -type cytochrome c oxidase is phylogenetically the most distant respiratory heme-copper oxidase from the aa 3 -type enzyme of mitochondria and bacterial cells (26, 27) . Cytochrome cbb 3 is widely expressed in different bacteria, where its very high affinity for O 2 allows growth in microaerobic conditions. A low proton-pumping efficiency reported for both intact cells (8, 12) and proteoliposomes inlaid with the cbb 3 -type enzyme (11, 13) has spurred speculations that this is the result of organismal adaptation to microaerobic environments. Here, we have shown that the observations of low proton-pumping stoichiometries in both cells and proteoliposomes have, at least in part, been the result of technical difficulties, as well as the extraordinary thermodynamic property of the active heme-copper site in the cbb 3 -type enzymes. When these difficulties are overcome, we find that the mechanistic H + /e − stoichiometry of proton pumping in cytochrome cbb 3 is very close to unity, as it has been established to be in the mitochondrial enzyme. We hasten to stress that this is the stoichiometry achieved under optimal conditions, where there is virtually no proton-motive force counteracting proton pumping.
The stoichiometry of 1 H + /e − has far-reaching mechanistic consequences. For example, the structure of cytochrome cbb 3 lacks the so-called "D-pathway" of proton transfer that has been shown to be essential for proton pumping in the aa 3 -type enzymes but retains the equivalent of a K-pathway (2). It is therefore clear that the mechanisms of redox-linked proton pumping in the different heme-copper oxidase subfamilies must differ, if not by principle, certainly by use of different proton transfer pathways. The lack of a D-pathway does not preclude proton pumping at an H + /e − stoichiometry of 1, and recent computational work has indicated how this might be achieved (28) .
Materials and Methods
The expression strain, cell and enzyme preparation procedures, determination of the RCR and enzyme orientation in liposomes, as well as the reconstitution procedure, are reported in SI Materials and Methods.
Proton Translocation Measurements with the Conventional Reaction Cell. The experiments were carried out at 25°C using the oxygen pulse method (16) in a thermostated all-glass reaction cell with magnetic stirring, where anaerobic conditions were maintained by purging the gas phase of the measuring cell by a constant flux of wetted argon. The pH was recorded with a sensitive pH-electrode (Russell pH Ltd.). For experiments with bacterial cells, 50 μL of sample was suspended in 1.5 mL of freshly prepared 100 mM potassium thiocyanate, 100 mM KCl, 100 mM sucrose, and 3 mM MgCl 2 . Complex I was inhibited by 20 μM rotenone, and 2.5 mM potassium succinate (pH 7.5) was added as a substrate. For a control measurement, 20 μM myxothiazol was added to inhibit complex III. For liposome experiments, ∼200 μL of proteoliposomes was diluted in 1 mL of 100 mM KCl, and 1 μM valinomycin, 2.5 mM potassium ascorbate (pH 7.3), and 20 μM horse-heart cytochrome c were added. For control experiments, 1 μM CCCP was used to uncouple the proteoliposomes. Oxygen was added as 5-to 25-μL (cells) or 1-to 5-μL (proteoliposomes) pulses of pure water equilibrated with air at 25°C [258 μM dissolved O 2 at 1 atm (17)]. For calibration, additions of an equal volume of 1 mM HCl, made anaerobic by bubbling with argon, were made. The proton translocation stoichiometries were determined by comparing the extents of pH change on O 2 and calibration pulses after linear extrapolation of the traces to zero time (14) .
Electrochemically Supported Setup. A glass combination pH-electrode was introduced to a vacuum-tight glass cell through a septum on the top of which a layer of glycerol was placed. The temperature was maintained by water circulation within the glass vessel around the measuring compartment, and the measuring solution was placed under constant magnetic stirring. A connection to a vacuum line was made from the gas-phase of the measuring compartment. A sheet of perforated gold surface-treated with cysteamine was used as a working electrode within the measuring solution. The porous Vycor-fretted tip of the counter electrode, filled with 3 M anaerobic KCl, was immersed in the liquid phase, and a reference electrode was combined to it outside of the glass container. The three electrodes were connected to a PAR263A potentiostat (Princeton Applied Research) with which the solution potential of the liquid phase could be controlled. The use of electrochemistry and pH measurements could not be carried out simultaneously; rather, they were used one at a time. A capillary for additions could be closed by a glass cap. To make the vessel anaerobic, the measuring compartment was degassed and filled with argon several times, and electrochemistry was used to lower the redox potential and remove dioxygen. While measuring pH changes with an open capillary for needle insertion, a constant flux of wetted helium supplemented with 2.5% (vol/vol) hydrogen was used. All redox potentials quoted refer to the normal hydrogen electrode (NHE) scale.
Proton Translocation Measurements with the Electrochemically Supported Reaction Cell. After pretreatment of the measuring compartment with dithionite, the system was washed, under a constant flux of dry argon, by filling it several times with 100 mM anaerobic KCl until the apparent potential started to rise. A total of 1.2 mL of 100 mM anaerobic KCl was added to the system, after which residual oxygen was removed by applying a potential of −400 mV vs. NHE with the potentiostat. Degassed proteoliposomes (200-300 μL) were added to the measuring cell, and the current was allowed to reach a steady level. Valinomycin (1 μM), together with 100 μM TMPD and 100 μM BV, was added; pH was adjusted by additions of small amounts of 0.1 M HCl; and the system was degassed and closed under an overpressure of argon. The system was determined to have reached a steady-state level when the electric current across the liquid phase stabilized (typically at ∼100 nA). For the oxygen pulse experiments, a stream of wetted 97.5% (vol/vol) He/2.5% (vol/vol) H 2 was passed through the gas phase while the capillary for the pulses was kept open. After connecting the pH-electrode to a pH-meter, 1-to 10-μL additions of air-saturated 25°C pure water were administered by means of a Hamilton syringe (10 μL; 700 series, Hamilton Company). Calibration pulses of 1 mM HCl made anaerobic by degassing on the vacuum line were introduced to a syringe under a flux of dry argon. The changes in pH were recorded, and between the series of pulses, the electrochemistry was reconnected to allow rereduction to take place. To study the chemistry of oxygen reduction by the uncoupled proteoliposomes, 1 μM CCCP was added and pulses were given as described earlier.
